Abstract. Myeloproliferative neoplasms (MPNs) result from the malignant transformation of a hematopoietic stem-cell (HSC), leading to abnormal amplification and proliferation of myeloid lineages. Identification of the Janus kinase 2 (JAK2) V617F mutation developed the knowledge of Philadelphia-negative (PN)-MPNs, contributing to and influencing the definition of the phenotype and prognostic impact. Considering the lack of Portuguese epidemiological data, the present study intends to characterize the prevalence of the JAK2 mutation in a PN-MPN versus a control Portuguese population. Caucasian Portuguese PN-MPN patients (n=133) and 281 matched control subjects were investigated. No significant differences were identified between the case and control groups concerning age distribution or smoking habits. Pathology distribution was as follows: 60.2% with essential thrombocythemia (ET), 29.3% with polycythemia vera (PV) and 10.5% with primary myelofibrosis (PMF). A total of 75.0% of patients were positive for the presence of the JAK2 V617F mutation. In addition, the prevalence of PV was 87.2%, ET was 73.4% and PMF was 50.0%. The JAK2 V617F mutation is observed in various MPN phenotypes, and has an increased incidence in ET patients and a decreased incidence in PV patients. These data may contribute to improving the knowledge of the pathophysiology of these disorders, and to a more rational and efficient selection of therapeutic strategies to be adopted, notably because most of the patients are JAK2 V617F negative.
Introduction
Myeloproliferative neoplasms (MPNs) are clonal disorders resulting from the malignant transformation of hematopoietic stem cells (HSCs), leading to abnormal amplification and proliferation of one or more myeloid lineages. According to the World Health Organization (WHO) 2008 classification and the 2016 revision (1, 2) , the classic MPNs encompass chronic myelogenous leukemia and the BCR/ABL-negative disorders (Philadelphia-negative MPNs; PN-MPNs), such as polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF). Less frequent MPNs are chronic neutrophilic leukemia, chronic eosinophilic leukemia and other unclassifiable entities (1, 2) .
Among the various registries worldwide, the PN-MPNs have a combined annual incidence rate of 0.4-2.8 (while the literature estimated 0.68-2.6) for PV, 0.38-1.7 for ET and 0.1-1.0 for PMF, per 100,000 respectively (3, 4) .
The presence of clonal hematopoiesis and cytokine hypersensitivity are fundamental for distinguishing PN-MPNs from reactive conditions. In routine practice, clonality is usually determined by the presence of an acquired mutation or cytogenetic abnormality, although additional clinical, laboratory and morphological information is important in the diagnosis of each specific subtype (5) (6) (7) .
Clinically, PV is characterized by excessive production of erythrocytes, increased red cell mass and extramedullary hematopoiesis, leading to splenomegaly. In ET there is a high platelet count, often associated with thrombotic and hemorrhagic events; however, bone marrow fibrosis is the hallmark of PMF, resulting in a variable count of myeloid series cells and hepatosplenomegaly (1, 2, 8) .
Major genetic insights into the pathogenesis of the PN-MPNs include identification of the somatic point gain-of-function mutations in the Janus kinase 2 (JAK2) Prevalence of the Janus kinase 2 V617F mutation in Philadelphia-negative myeloproliferative neoplasms in a Portuguese population gene (9-13), myeloproliferative leukemia (MPL) virus oncogene (more frequently termed W515L/K), and recently calreticulin (CALR) mutations, which contributed to an improved understanding of the pathophysiology of these disorders, their diagnostic tools and therapeutic management (9-13). According to the available studies, the frequencies of these mutations are ~95, 0, and 0% in PV, 60, 3, and 20% in ET, and 60, 7, and 25% in PMF, respectively (6, (14) (15) (16) (17) (18) . Although it is possible to identify one of these mutations in the majority of the BCR/ ABL-negative disorder patients, there are unidentified genetic defects in approximately 10-15% of cases, predominantly of ET and PMF and, furthermore, those mutations cannot fully explain the phenotypic heterogeneity of PN-MPNs nor the susceptibility of progression to myelofibrosis, acute myeloid leukaemia (AML) or myelodysplastic syndromes (MDS) (16) . In addition, the cellular and molecular mechanisms involved in the pathophysiology of MPNs have not yet been fully clarified (16, (19) (20) (21) (22) (23) (24) (25) (26) . It is well known that hematopoietic cytokine receptor signaling is largely mediated by JAKs, a family of tyrosine kinases, and their downstream transcription factors, termed signal transducer and activator of transcription (STAT). JAK2 is essential for normal hematopoiesis, as demonstrated by defects in erythropoiesis observed in JAK2-deficient mice (27) . It is composed of two main domains, one is an enzymatically active kinase domain (JAK homology 1; JH1) and the other consists of a catalytically inactive pseudokinase domain (JH2), which exerts an inhibitory affect that generally inhibits the kinase activity of JAK2 (27) (28) (29) .
In MPN patients, even in the absence of the JAK2 mutation, the other genetic changes result in activation of the JAK2 signaling pathway (30) .
The most common mutation of JAK2 consists of a substitution of valine with phenylalanine at position 617 in the JH2 domain (JAK2 V617F) in exon 14, which affects the inhibitory function of the pseudokinase JH2 domain, inducing an increased activity in myeloid progenitor cells, leading to proliferation and excessive production of mature cells (27, 29, (31) (32) (33) . JAK2 V617F and exon 12 mutations signal through the same C-terminal tyrosine kinase of JAK2, but result in very different phenotypic readouts. JAK2 exon 12 mutations are tightly associated with PV in patients and mouse models (13) . The reasons for these different abnormal phenotypic outcomes remain unclear and are likely to be complex (34, 35) .
For the JAK2 V617F mutation to affect hematopoietic progenitor cells, the presence of receptors for erythropoietin, thrombopoietin or granulocyte-colony stimulating factor (CSF) is essential, leading to enhanced functional activity and increased sensitivity to cytokines and hematopoietic growth factors, such as interleukin 3 (IL-3), stem cell factor (SCF), granulocyte-macrophage CSF and insulin-like growth factor-1 (27) .
Previous data demonstrate the contribution and influence of the presence of the JAK2 V617F mutation and the respective gene dosage in the definition of phenotype and prognostic impact in PN-MPNs (36) . For example, the V617F allele burden tends to be higher in PV and PMF, and is associated with the presence of acquired uniparental disomy (UPD), whereas a lower allele burden is generally observed in ET patients (7, 16, 33, 37, 38) .
In PV and ET, risk factors for survival include older age, leukocytosis and thrombosis, whereas in ET, the JAK2 V617F mutation is associated with increased risk of thrombosis, and is incorporated into the International Prognostic Score for Thrombosis in ET-thrombosis score (12, 39) . Accumulation of JAK2 mutated allele accompanies the transformation of PV and ET to secondary myelofibrosis (40) . Furthermore, the presence of two or more mutations predicts a worse survival and is associated with shortened leukemia-free survival (41) .
Furthermore, JAK2 V617F is not specific for a particular PN-MPN, nor does its absence exclude MPNs. Indeed, this has been reported in certain cases of MDS/MPN, in rare cases of AML (in combination with other well-defined genetic abnormalities, such as BCR-ABL1), and in association with certain solid tumors (1, 27, 31, (42) (43) (44) .
A wider characterization of molecular genetic features in PN-MPNs may contribute to an improved knowledge and understanding of the physiopathology of these disorders, allowing achievement of novel specific diagnostic, prognostic and therapeutic tools (20, 45) . The identification of JAK2/MPL mutations in the majority of patients led to the development of JAK kinase inhibitors. Although ruxolitinib was recently approved for use in hydroxyurea-resistant PV, its role in routine clinical practice remains controversial (6, (46) (47) (48) (49) . For myelofibrosis patients, stem cell transplant is the current treatment of choice for genetically or clinically high-risk disease. For all other patients that require treatment, the currently available drugs, including JAK inhibitors, are palliative, as they improve patient symptoms and reduce splenomegaly, but have not been identified as disease modifying, nor do they significantly reduce the mutant allele burden (47, 50) .
The present study describes a hospital based case-control study to evaluate the prevalence of the JAK2 mutation in PN-MPNs patients, as well as in healthy individuals without clinical disease, in a Caucasian Portuguese population.
Materials and methods
Study subjects. The present study involved 133 Caucasian Portuguese PN-MPN patients (80 with ET, 39 with PV and 14 with PMF) and 281 age-and sex-matched control subjects selected since January 2009 to July 2016 within the Portuguese population recruited at the Departments of Clinical Hematology and of Clinical Pathology, Hospital de São Francisco Xavier, Centro Hospitalar de Lisboa Ocidental (CHLO; Lisbon, Portugal), a public general hospital that provides healthcare to the western population of Lisbon, where those patients were admitted, followed up and treated. The diagnostic criteria for all patients were those defined by the World Health Organization in the 2008 and updated 2016 guidelines (1, 2) . For all cases, at least two control individuals (n=281), without neoplastic pathology, matched for age (±2 years), gender and ethnicity were recruited, with no personal or family history of PN-MPNs, no previous or current malignant disease, nor history of blood transfusions. All study subjects were Portuguese, with Portuguese ascendants. Information on demographic characteristics, family history of cancer, lifestyle habits (e.g., smoking) and exposure to ionizing radiation was collected via a questionnaire administered by trained interviewers. With respect to smoking habits, former smokers were considered as non-smokers if they gave up smoking either 2 years before PN-MPN diagnosis or, for controls, 2 years before the date of inclusion in the study. The response rate was >95% for the cases and control subjects. The anonymity of the patients and control population was guaranteed, and written informed consent was obtained from all those involved, prior to blood withdrawal, in agreement with the Declaration of Helsinki. The current study was conducted with approval by the Ιnstitutional Εthics Βoards of the involved institutions -CHLO and Nova Medical School (where the practical work was performed), both in Lisbon, Portugal.
The general characteristics for PN-MPNs patients at the time of diagnosis and the control populations are summarized in Tables I and II . All clinical and hematologic data were obtained from registries, and were selected on the basis of diagnostic criteria for this type of disease.
DNA extraction. Peripheral blood samples (7-8 ml) of all patients and controls were collected by qualified personnel into 10 ml EDTA tubes and maintained thereafter at -80˚C. Genomic DNA was obtained from each blood sample (250 µl) using a commercially available kit (QIAamp ® DNA mini kit (cat. no. 51306); Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. All DNA samples were stored at -20°C until analysis.
Genotyping. The JAK2 V617F mutational status was determined via quantitative polymerase chain reaction (qPCR; Applied Biosystems 7300 Real-Time PCR System; Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and TaqMan ® single nucleotide polymorphism genotyping assay (rs77375493; cat. no. C_101301592_10, Thermo Fisher Scientific, Inc.), the methodology was performed according to the manufacturer's instructions with minor modifications which were also reported in our previous published papers ( [51] [52] [53] [54] [55] . Briefly, to perform the PCR reaction, a final reaction volume of 10 µl was used with the following thermocycling conditions: one step of enzyme activation at 95˚C for Table I . General characteristics of the Philadelphia-negative-myeloproliferative neoplasm cases (n=133) and control population (n=281).
Characteristic
Cases, n (%) Controls, n (%) P-value 10 min, followed by two cycling steps: A denaturation step at 95˚C for 15 min and an annealing step at 60˚C for 1 min. Each PCR reaction required at least 40 cycles. The data analysis was performed using the fluorescence measurements made during the plate read, the SDS software plots Rn values based on the fluorescence signals from each well, then this determined which alleles are in each sample. Genotype determination was performed in 20% of samples in independent experiments and all of the inconclusive samples were reanalyzed.
Statistical analysis. The analysis of Hardy-Weinberg frequencies for all alleles in the control and patient populations was conducted using exact probability tests available at the SNPStat website software (http://bioinfo.iconcologia.net/SNPstats) (56) . Differences in genotype frequency, smoking status, age ranges and gender distributions between PN-MPN cancer patients and control subjects were evaluated using the χ 2 test. P<0.05 was considered to indicate a statistically significant difference.
Results
The present study included 133 PN-MPN patients and 281 age-and sex-matched control subjects. The baseline characteristics (sex, age and smoking habits) of the case and control populations are presented in Table I . The case group included 72 (54.1%) female and 61 (45.9%) male patients, with an overall mean age of 68 years (Table I) . No significant differences were identified between the case and control groups concerning age distribution or smoking habits (Table I) .
According to the diagnostic criteria, the patient distributions were as follows: 80 (60.2%) with ET, 39 (29.3%) with PV and 14 (10.5%) with PMF. The majority of the patients with ET were female (60.0%), while in PV and PMF, males predominated (51.3 and 64.3%, respectively; Table II) .
Patient and control populations were stratified according to the presence of the JAK2 V617F mutation, demonstrating that 75.0% of patients and none of the controls were positive for JAK2 V617F (Table I ). The prevalence of the JAK2 V617F mutation for patients with PV was 87.2%, for ET 73.4% and for PMF 50.0% (Table II) . The allelic distribution of the PN-MPN cases, stratified by diagnosis, is presented in Table II . General characteristics of patients are presented in Table II , according to the type of PN-MPN.
Discussion
In recent years, investigation on MPNs revealed that there are three driver mutations (JAK2, MPL and CALR) essential as clonal markers, activating the cytokine receptor JAK2 signaling pathway and the downstream effectors (30, 57) .
However, it is known that the different driver mutations involved in the pathogenesis of MPNs leads to different clinical effects, and that a single mutation may be associated with distinct phenotypes and clinical outcomes. This finding may be due to the association with other commutated non-MPN-driver genes (for example, additional sex combs like 1, transcriptional regulator, enhancer of zeste 2 polycomb repressive complex 2 subunit, tet methylcytosine dioxygenase 2, isocitrate dehydrogenase (NADP+)1/2, cytosolic, splicing factor 3b subunit 1, serine and arginine rich splicing factor 2) (57).
It is unequivocal that the JAK2 V617F mutation is found in various phenotypes; however, it is seemingly also associated with other malignancies (generally non-hematological types) (44) .
The role of the JAK/STAT signaling pathway in the pathogenesis of MPNs and other cancers is questionable when considering the example of rare families presenting with germline mutations leading to weak JAK activation. The mutations originate a hereditary thrombocytosis, but hematopoiesis is polyclonal and there is no development of hematological malignancies or solid tumors, indicating that JAK/STAT activation alone does not drive malignant disease (43) .
The JAK2 V617F mutation was screened in the patients and healthy control subjects, to evaluate the eventual presence and prevalence of the JAK2 mutation in healthy individuals in our control population, reflecting healthy Portuguese general population status, as it is the most prevalent among the driver mutations for PN-MPNs. The fact that no JAK2 V617F mutation was identified in healthy control subjects during the present study does not dismiss the possible weak effect of this mutation in driving MPNs. Although the absence of the JAK2 mutation does not exclude MPN, its presence is not specific for any specific PN-MPN and phenotypic expression may depend on various factors.
However, as the JAK2 V617F mutation is found in the great majority of MPNs indicates that it is probably the primary abnormality driving myeloproliferative cells, although it is not definitely clear whether it has to be homozygous in all cases; it may become homozygous as a result of the loss of heterozygosity (LOH) or UPD (33, 58) . Furthermore, it cannot be ruled out whether an inherited mutation in one of the alleles may be accompanied by an epigenomic inactivation of the other otherwise normal alleles rendering the cell biological homozygous. What seems clear, however, and the present data contributes to this conclusion, is that the role of the JAK2 V617F mutation in the pathogenicity of the different MPNs may differ amongst different MPNs requiring the JAK2 V617F mutation more often than others (e.g., ET vs. PV), which would indicate other oncogenic mutations that may be relevant for certain cases others than JAK2 V617F (16, 33, 58, 59) .
Besides mutations and other molecular abnormalities, various factors, such as gene burden and individual genetic background, may influence the predisposition for developing an MPN, as well as their heterogeneity (16, 57) . Although JAK2 V617F homozygous subclones are present in PV and ET patients, the expansion of a dominant homozygous subclone occurs almost exclusively in PV patients (~80% in PV and 50% in ET) (33, 57) , due to either additional genetic or epigenetic events or non-cell-autonomous selective pressures, such as low levels of circulating erythropoietin in the context of elevated hematocrit (33) .
However, the WHO classification of classical MPNs allows that the diagnosis is established on the basis of other criteria, even if the criteria concerning the driver mutations is not met, and that diagnosis is established on the basis of other criteria. Indeed, these disorders are primarily defined on the basis of clinical, pathologic and morphologic/histologic features, with the possibility of diagnosing MPN without any evidence of a driver mutation (1,2) .
The present study revealed a higher incidence of the JAK2 V617F mutation in ET patients and a comparatively lower incidence in the PV patients, when compared with the published data for each disease (6, 7, 14, 15) . The discrepancy between published data and the present results is greater in the case of ET, than in PV. This may be due to the small size of the investigated population and to the larger number of ET patients that was included. The majority of patients presented with ET (80 of a total of 133 patients), leading to a more consistent and representative result, reflecting Portuguese reality, when compared with PV. This indicates that the population of the present study has a different pattern concerning the presence of this mutation, when compared with other already studied populations from other countries, highlighting the importance of developing future studies in larger and diversified populations.
As described by Rumi and Cazzola (57) , patients with the wild type JAK2 V617F or exon 12 mutation are extremely rare. However, the current results revealed a prevalence of 12.8% of patients with the wild type genotype. This finding supports the fact that the JAK2 mutation acting alone may not be sufficient to develop the PV phenotype. However, larger studies are required to confirm this hypothesis.
Subsequent to performing a literature review, almost all of the patients diagnosed with PV negative for the JAK2 V617F mutation were exon 12-positive (96 vs. ~3%, respectively) (2, 13, 35, (60) (61) (62) (63) (64) (65) (66) . In the current study, from the five PV patients that were exon 14-negative, two underwent exon 12 molecular evaluation, and only one was positive. For certain patients, particularly those selected at the beginning of the study, it was no longer possible to obtain blood samples to proceed with the study.
CALR and MPL mutations were not assessed in the ET and MF patients that were JAK2-negative when the diagnosis was not doubtful, and therefore when the diagnosis was certain on the basis of clinical, pathologic and morphologic/histologic features. The presence of these mutations may therefore not be necessarily met criteria according to the WHO classification.
The patients and controls included in the present study were recruited from 2009 until 2016. The majority of the patients were evaluated according to the WHO 2008 diagnostic criteria, which was revised in 2016 (Table I) . Although bone marrow biopsies may not be a met criterion (for ET and PV) in the two versions of the WHO classification, in our institution this is a type of routine examination for these patients, as it is considered to be important for predicting the prognosis.
Published epidemiology data are scarce (3, 4) . The gender distribution observed in the current population was consistent with previous data regarding this group of disorders (67) . Furthermore, although certain published studies consider smoking as a contributing factor for PN-MPNs (68, 69) , the present study did not reveal a significant association, potentially due to the small number of smoking individuals that was included.
Additional studies involving larger populations are required to further clarify the potential value of different genotypes as predictive biomarkers of susceptibility to PN-MPNs. An improved understanding of the pathophysiological mechanisms will enable the development of drugs that are more directly and specifically targeted, with high efficacy and fewer adverse effects, thus contributing to the compliance of patients with treatments.
The discovery of JAK2 was a very important milestone for the studies that followed and for what is known today, but the ongoing identification of other mutations in MPNs will make possible the signaling of new drug targets and prognostic biomarkers that will for certain improve clinical practice and patients' outcome. In conclusion, it remains to be fully ascertained whether JAK2 mutations may considered as 'driver mutations' for MPNs, or if they can act as 'passenger mutations' which may change place with the former and have 'driver' functions (24) .
